The rice genus, Oryza, which comprises 23 species and 9 recognized genome types, represents an enormous gene pool for genetic improvement of rice cultivars. Clarification of phylogenetic relationships of rice genomes is critical for effective utilization of the wild rice germ plasm. By generating and comparing two nuclear gene (Adh1 and Adh2) trees and a chloroplast gene (matK) tree of all rice species, phylogenetic relationships among the rice genomes were inferred. Origins of the allotetraploid species, which constitute more than one-third of rice species diversity, were reconstructed based on the Adh gene phylogenies. Genome types of the maternal parents of allotetraploid species were determined based on the matK gene tree. The phylogenetic reconstruction largely supports the previous recognition of rice genomes. It further revealed that the EE genome species is most closely related to the DD genome progenitor that gave rise to the CCDD genome. Three species of the CCDD genome may have originated through a single hybridization event, and their maternal parent had the CC genome. The BBCC genome species had different origins, and their maternal parents had either a BB or CC genome. An additional genome type, HHKK, was recognized for Oryza schlechteri and Porteresia coarctata, suggesting that P. coarctata is an Oryza species. The AA genome lineage, which contains cultivated rice, is a recently diverged and rapidly radiated lineage within the rice genus.
R
ice is the world's most important food crop. Future increases in rice production required to feed the growing population will rely primarily on genetic improvement of rice cultivars (1) . Recent advances in molecular breeding methods hold tremendous potential for genetic improvement of rice cultivars with beneficial genes from wild rice species (2) (3) (4) . A clear understanding of the evolutionary relationships of rice species will be essential in directing our effort to search for beneficial genes (3) . Furthermore, cultivated rice, Oryza sativa, will soon become the first crop plant with its entire genome sequenced (5) . Clarifying evolutionary relationships among genome types of rice species will provide a foundation for future studies of rice genome evolution (6, 7) .
The rice genus, Oryza, comprises approximately 23 species distributed in Asia, Africa, Australia, and Central and South America (8, 9) . Over the past half century, continued efforts have been devoted to understanding genomic composition and relationships of the rice species. Based on interspecific crossing and subsequent cytogenetic analyses (10, 11) and genomic DNA hybridization (12), 9 types of diploid (2n ϭ 24) genomes and various combinations among them at the tetraploid level (2n ϭ 48) have been recognized for 22 Oryza species (Table 1) (9) . Approximately one-third of the rice species were considered to be allotetraploids whose origins through hybridization could confound the reconstruction of phylogenetic relationships within the rice genus. Phylogenetic studies of Oryza, however, have been less extensive than those of other major crop plants, such as maize (13) , soybean (14) , and cotton (15, 16) , and have not been examined with phylogenetic analyses of DNA sequences. Evolutionary relationships among the rice genomes and species were previously estimated by phenetic analysis of morphology, isozyme, and nuclear and chloroplast DNA restriction fragment-length polymorphisms (17) (18) (19) (20) (21) . However, limitations in the nature of the data and͞or methods of data analysis in these studies have hampered an accurate reconstruction of the rice phylogeny, particularly the origins of the allotetraploid species.
Allopolyploidy is a widely documented mechanism of speciation in flowering plants (22, 23 ). An allotetraploid combines two or more distinct diploid genomes and originates through hybridization of diverged diploid species coupled with an increase in chromosome numbers. Phylogenetic analysis of single or lowcopy nuclear gene sequences offers an effective way to study evolution of allopolyploids (16, (24) (25) (26) . Homoeologous loci that are contributed by the diploid parents can be cloned and sequenced from an allotetraploid species. Analyses of these sequences, together with the gene sequences of the putative diploid parents, enable one to unravel the reticulate pattern of hybrid speciation. Furthermore, obtaining a phylogeny of the chloroplast genome allows inference of the maternal parent of an allopolyploid. Here, we analyze two nuclear genes, alcohol dehydrogenase gene 1 (Adh1) and 2 (Adh2) (27, 28) , and the chloroplast gene matK (29) to reconstruct the phylogeny of the rice genus, with an emphasis on relationships among genome types. Based on this phylogenetic reconstruction, we are able to evaluate the previous circumscription of rice genomes and further recognize another genome type.
Materials and Methods
Total DNA was isolated from 31 accessions representing all of the 23 rice species (Table 1 ) and 4 closely related genera by using a cetyltrimethylammonium bromide method (30) . Seeds and leaf material of the majority of the accessions were provided by the International Rice Genebank at the International Rice Research Institute (Manila, Philippines). The coding region of the chloroplast matK gene was amplified with PCR primers matKF1, 5Ј-TAATTAAGAGGATTCACCAG, and matKR1, 5Ј-ATG-CAACACCCTGTTCTGAC. PCR products were purified with a GeneClean kit (Bio 101) and sequenced directly.
Adh genes were amplified initially by using primers AdhF1 and AdhR1, which are located on exon 2 and exon 8, respectively (Fig. 1) . The primers were designed based on sequences that are conserved across three divergent genera of the grass family, Hordeum, Oryza, and Zea (27, 31) , to maximize the chance of amplifying all Adh genes in rice species. The PCR products were then cloned with a TA cloning kit (Invitrogen). For each accession, 12-20 clones were screened by examining restriction sites and͞or sequencing with one primer (32) . This round of cloning and screening identified two Adh loci, Adh1 and Adh2, Abbreviations: CI, consistency index; RI, retention index.
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for the majority of the rice species. Locus-specific primers, Adh1bR and Adh2RR, were subsequently designed to amplify Adh1 and Adh2 genes, respectively, from certain accessions. The locus-specific primers were also used to amplify each Adh gene from the allotetraploid species. Twelve to fifteen clones were screened for each Adh locus of an allotetraploid species in an attempt to identify all homoeologous loci. Clones with distinct inserts were fully sequenced for both strands and included in the phylogenetic analyses. Sequencing was done on an ABI 373 automated DNA Sequencer with a Dye Terminator Cycle Sequencing Reaction Kit (PE Applied Biosystems).
Sequences of six exons (exons 2-7) and six introns (ones between exons 2 and 8) were aligned with CLUSTAL W (33) and refined manually. A few small regions in introns (ranging from several to 30 bps) that could not be aligned unambiguously were excluded from the analyses. Phylogenetic analyses were conducted with PAUP* Version 4.0 (34) . Parsimony analyses were performed by heuristic search with tree bisection-reconnection (TBR) branch swapping, MULPARS option, ACCTRAN optimization, and 100 random addition replicates. Topological robustness was assessed by bootstrap analysis with 1,000 replicates using simple taxon addition (35) . For maximum likelihood analyses, we performed heuristic search with the TBR branch-swapping with the following parameters: empirical base frequencies, a transition-transversion ratio of 2, 10, and equal rates of substitution among sites. The Templeton test, as implemented in PAUP*, was used to evaluate topological incongruence at the specific nodes between gene trees (36, 37) . Leersia, Porteresia, Rhynchoryza, and Zizaniopsis, which are closely related to Oryza based on morphological and molecular evidence (38) (39) (40) , were used as outgroups. The Adh2 gene of Rhynchoryza was excluded from the phylogenetic analyses because its introns were difficult to align with those of the ingroup species.
Results and Discussion
Adh Gene Phylogenies and Origins of Allotetraploids. The Adh gene family, comprising usually two to three gene members in a flowering plant (41) , has been thoroughly studied in grasses (Poaceae) (31, 42) . Two Adh loci, Adh1 and Adh2, have been identified in the cultivated rice, O. sativa, by enzyme electrophoresis, cDNA library screening, and Southern blotting (27, 28) . These two loci were duplicated prior to the diversification of the grass family, and their orthologs were found in all members of the grass family studied to date (40, 42) . Subsequent gene duplications, occurring at either Adh1 or Adh2 locus, have given rise to additional Adh loci in some grasses, such as barley and maize (42) . To amplify all Adh genes from a rice species, we selected the PCR-priming sites (AdhF1 and AdhR1) where sequences are conserved not only between the two Adh loci of O. sativa, but also among Adh genes of Oryza, Hordeum, and Zea.
To minimize the chance of omitting an Adh gene member from the PCR products, a relative large number of clones (12) (13) (14) (15) (16) (17) (18) (19) (20) were screened for each species. Two types of Adh sequences were identified for every diploid Oryza species. While these two types of sequences could not be aligned with each other in introns, they were aligned well with the previously reported sequences of Adh1 and Adh2 genes of O. sativa, respectively (27, 28) . This indicates that every diploid rice species contains these two orthologous Adh loci. For a diploid species, the majority of clones of the same locus (Adh1 or Adh2) were identical in sequences. Clones that differed from this majority of clones by one or two base pairs were found occasionally. These different clones may represent allelic variation, additional Adh loci, or results of PCR errors. Initial phylogenetic analyses indicated that all clones of the Adh1 or Adh2 gene from the same species formed a monophyletic group, and exclusion of these minor types of clones had no impact on relationships among species. If the sequence polymorphism found in a species represents duplicated Adh genes, the gene duplications must have occurred within the species. Because paralogous relationships can be obtained only when gene duplications precede speciation events (43) , it is unlikely that paralogy would cause problems in the present phylogenetic reconstructions. Two distinct types of sequences were identified at an Adh locus for the majority of tetraploid species. Sequences of the same locus (Adh1 or Adh2) cloned from both diploid and tetraploid species were aligned for phylogenetic analyses. The aligned sequences of the Adh1 gene were 1,955 bp long, of which 781 nucleotide sites were variable and 214 were phylogenetically informative. The Adh2 data set contained 1,779 nucleotide sites, of which 599 sites were variable and 171 were phylogenetically informative. Analysis of the Adh1 data set yielded two equally most parsimonious trees with a consistency index (CI) of 0.75 and a retention index (RI) of 0.87, and the strict consensus tree is shown in Fig. 2A . Analysis of the Adh2 data set yielded four equally most parsimonious trees (CI ϭ 0.76, RI ϭ 0.88), and the strict consensus tree is shown in Fig. 2B . Trees generated by maximum likelihood analyses (data not shown) had topologies identical to the most parsimonious trees.
For allotetraploid species with the BBCC and CCDD genomes, two distinct types of sequences were cloned for each Adh (Fig. 2) . Two types of sequences cloned from the CCDD genome species form monophyletic groups with the diploid species of the CC and EE genomes, respectively. The congruent relationships between Adh1 and Adh2 gene trees strongly support previous hypotheses of the allotetraploid nature of the BBCC and CCDD genomes. Because gene duplication prior to speciation of the diploid rice species was not detected at either Adh locus, two distinct types of sequences cloned at an Adh locus of a tetraploid individual are much more likely to represent homoeologous loci contributed by the different diploid parents rather than paralogous loci. If the sequence polymorphism is considered to be ancestral polymorphic alleles, lineage sorting has to be invoked to explain each Adh phylogeny. It is, however, very unlikely that lineage sorting, a random process, can result in the identical phylogenetic relationships between the two nuclear loci (25) . Therefore, we designate the clade containing the diploid BB genome species and one type of sequence cloned from the BBCC genome species as the clade of the BB genome. The clade that contains the diploid CC genome species and sequences cloned from the BBCC and CCDD genome species is recognized as the CC genome clade (Fig. 2) .
The DD type of sequence cloned from the CCDD genome forms a monophyletic group with the diploid EE genome species Oryza australiensis on both Adh gene trees (Fig. 2) . Although cytogenetic studies of the F 1 hybrids between the CCDD and EE genomes revealed a certain degree of chromosomal pairing, the results were insufficient for recognition of homology between the DD and EE genomes (10) . Application of DNA markers, such as nuclear restriction fragment-length polymorphisms, also failed to identify the diploid DD genome (21, 44) , which led to speculation that the DD genome species was extinct. Strongly supported monophyly of the DD genome sequence and the EE genome species on both Adh trees suggests that the EE genome is most closely related to the diploid DD genome progenitors giving rise to the CCDD genome. Thus, we designate the clade containing the diploid EE genome and sequences from the CCDD genome as the DD genome clade (Fig. 2) .
For the remaining tetraploid species, Oryza ridleyi, Oryza longiglumis, and Oryza schlechteri, sequence polymorphism was found at one of the Adh loci. Two types of Adh1 sequences were cloned from O. ridleyi and O. longiglumis of the HHJJ genome, while only one type of Adh2 sequence was found. O. schlechteri and Porteresia coarctata are most closely related to each other, according to the two Adh gene and the matK gene trees (Figs.  2 and 3) . O. schlechteri is the only rice species with an unknown genome type. P. coarctata was once recognized as a rice species, Oryza coarctata, but later treated as a monotypic genus (45) . Two types of Adh2 sequences were cloned from O. schlechteri and P. coarctata, while only one type of Adh1 sequence was identified. Allotetraploid origins of these four species were inferred based on sequence polymorphism at one of the Adh loci, although the hypotheses are not as strong as those concerning the origins of the BBCC and CCDD genomes, which are supported by both Adh genes.
On each Adh gene tree, there is a clade containing all four species, O. ridleyi, O. longiglumis, O. schlechteri, and P. coarctata (Fig. 2) . We designate this clade as the HH genome clade. The other clade containing O. ridleyi and O. longiglumis on the Adh1 phylogeny, thus, represents the JJ genome. On the Adh2 phylogeny, the remaining clade containing O. schlechteri and P. coarctata is given a new genome type, KK. Therefore, O. schlechteri and P. coarctata share the same genome type, HHKK. The Adh2 phylogeny suggests a close relationship between the HH genome and the diploid FF genome species, which, however, is not supported by the Adh1 phylogeny. The JJ and KK genomes are not grouped strongly with any diploid species on either Adh phylogeny. These results suggest that the diploid species with the HH, JJ, or KK genome are either extinct or undiscovered.
Failure to uncover one of the homoeologous Adh loci from O. ridleyi, O. longiglumis, O. schlechteri, and P. coarctata may be a result of selective PCR amplification, formation of pseudogenes with mutations occurring at the PCR-priming sites, or gene deletion. To test these alternative hypotheses, we designed a new forward primer (AdhF2) and two new reverse primers (Adh1R4 specific to Adh1, and Adh2R4 specific to Adh2) that are located in the conserved regions of the exons different from those on which the original primers (AdhF1, AdhR1, Adh1bR, and Adh2RR) are located (Fig. 1) . Two combinations of a new and an original primer were tried to amplify the missing homoeologous loci; they are AdhF1-Adh1R4 and AdhF2-Adh1bR for amplifying the Adh1 gene from O. schlechteri and P. coarctata, and AdhF1-Adh2R4 and AdhF2-Adh2RR for amplifying the Adh2 gene from O. ridleyi and O. longiglumis. For each of the primer combinations, more than 10 clones were screened for every species. All of the clones belong to the same homoeologous loci identified previously with the original primer combinations (AdhF1-AdhR1 for both Adh loci, AdhF1-Adh1bR for the Adh1 locus, and Adh1F-Adh2RR for the Adh2 locus). The failure to uncover the Adh1 or Adh2 homoeologous locus is very unlikely to have resulted from selective PCR amplification or mutations occurring at the PCR-priming sites given that four combinations of five primers have been attempted for each gene. These results thus support the hypothesis of gene deletion, i.e., deletion of the Adh1 gene from the KK genome of O. schlechteri and P. coarctata, and deletion of the Adh2 gene from the JJ genome of O. ridleyi and O. longiglumis.
One of the homoeologous loci derived from the diploid parents may undergo gene silencing because of genetic redundance in a tetraploid genome (46) . It has been found in allotetraploid peony species that one of the homoeologous Adh loci has become a pseudogene (25) . Results in this study suggest that deletion of one of the homoeologous loci may be a mechanism of reduction of genetic redundance in these allotetraploid rice species. On both Adh phylogenies, sequences of the HHJJ and HHKK genomes occupy the basal positions relative to those of the BBCC and CCDD genomes (Fig. 2) , suggesting that the former had more ancient origins, which may have allowed more extensive genomic rearrangement, including possible deletions of some homoeologous loci. Southern blotting experiments can be employed to further test the hypothesis of gene deletion.
matK Gene Phylogeny-The Maternal Genealogy. Because the chloroplast genome is maternally inherited in rice (47), the matK gene tree represents a maternal genealogy of rice species that offers an opportunity to identify the maternal parents of allotetraploid species. The aligned matK sequences were 1,552 bp in length, of which 166 nucleotide sites were variable and 48 were phylogenetically informative. Analysis of the matK sequences resulted in a single most parsimonious tree with a CI of 0.87 and an RI of 0.90 (Fig. 3) . The CCDD genome species form a monophyletic group with the CC genome species on the matK phylogeny, suggesting that the CC genome served as the maternal parent of the CCDD genome species. On the Adh and matK gene trees, three species of the CCDD genome form monophyletic groups in which Oryza alta and Oryza grandiglumis are sister species, implying that these three allotetraploid species originated from a single hybridization event. In contrast, two species with the BBCC genome, Oryza minuta and Oryza eichingeri, may have had different origins. The former had a maternal parent of the BB genome, and the latter had a maternal parent of the CC genome, according to the matK phylogeny. The position of O. schlechteri and P. coarctata on the matK gene tree is apparently the same as that of the KK genome on the Adh2 tree, suggesting that the KK genome was the maternal parent of the HHKK genome. The maternal parent of the HHJJ genome, however, seems to be less clear.
Phylogeny of Rice Genomes Inferred from Three Gene Trees. Understanding congruence and incongruence between gene trees has attracted considerable theoretical discussion (43, (48) (49) (50) (51) . Congruence between gene trees provides a strong indication of orthology, and thus enhances robustness of phylogenetic reconstructions. Here, we compare the two Adh gene trees and infer phylogenetic relationships of rice genomes based on congruence between them. On both Adh1 and Adh2 gene trees, each clade of a previously recognized genome type (including sequences from both diploid and tetraploid species) is supported by a high bootstrap value, mostly 100% (Fig. 2) . Phylogenetic relationships among the genomes are largely congruent between the two Adh gene trees except at two places. One is the relationship of the BB and CC genomes relative to the AA genome, and the other involves the position of the FF genome species, Oryza brachyantha (Fig. 2) . The AA and CC genomes are sister groups on the Adh1 tree, whereas the AA and BB genomes are sister groups on the Adh2 tree. To evaluate this incongruence, the Templeton test was conducted in both ways, i.e., using relationships on the Adh1 tree as a constraint to test the Adh2 data set and vice versa. The test results are significant when either the Adh1 (P Ͻ 0.05) or Adh2 (P Ͻ 0.0001) data set was tested against the constraint topology. The FF genome is grouped strongly with the HH genome on the Adh2 phylogeny, but does not form a strongly supported group with any genome type on the Adh1 phylogeny. When the FF and HH genomes were forced to form a monophyletic group on the Adh1 phylogeny, the resulting tree was significantly worse (P Ͻ 0.0001).
Therefore, we did not combine the two data sets (48, 49) , but rather generated a consensus tree in which the congruent relationships between the two gene trees were maintained and the incongruent relationships were treated as unresolved clades (52) . Reasons for the topological incongruence need to be explored, and relationships among AA, BB, and CC genomes and the position of the FF genome should be further clarified with additional gene phylogenies (51) . The topology of the matK gene tree is largely congruent with the consensus tree of diploid genomes inferred from the Adh gene trees, except for the position of the GG genome. The Templeton test indicated that this topological incongruence is not significant (P Ͼ 0.1). An overall hypothesis of the phylogeny of the rice genomes based on the three gene phylogenies is presented in Fig. 4 .
Implications of the Phylogenetic Reconstruction. Monophyletic groups revealed by the phylogenetic reconstruction (Fig. 4) are either concordant or discordant with taxonomic sections recognized in the most recent classification of the genus (8) ( Table 1) . The AA, BB, and CC genomes are most closely related and together form a sister group with the DD (EE) genome. This monophyletic group, containing the AA through EE genomes, corresponds to section Oryza. The GG genome, which occupies the most basal position of the genus, constitutes section Granulata. The remaining genome types that are included in section Ridleyanae, however, form a paraphyletic group in the phylogenetic hypothesis (Fig. 4) .
According to the crossability between O. sativa and other rice species, the wild species have been categorized as the primary, secondary, and tertiary gene pools for the cultivars (9) . Species of the AA genome are easily crossed with O. sativa and are regarded as the primary gene pool. The BB through EE genomes constitute the secondary gene pool, and the remaining genomes constitute the tertiary gene pool. Clearly, crossability correlates well with the phylogenetic relationships of the rice genomes (Fig.  4) . A variety of beneficial traits, such as high yield, disease and pest resistance, and tolerance to environmental stresses, have been incorporated into rice cultivars from these gene pools (53, 54) . The tertiary gene pool contributes less than one-third of the species diversity, but nearly half of the genomic diversity (genomes FF through KK). These genomes are distantly related to the cultivated species and have great potential to provide novel beneficial genes.
The AA genome, which contains the cultivated rice, is one of the most recently diverged lineages within the rice genus (Fig. 4) . It contains the largest number of diploid species and has the widest geographic distribution of any rice genome. Apparently, the AA genome is a recently diversified, rapidly radiated, and well adapted group. According to the Adh phylogenies that resolve relationships within the AA genome, the widely cultivated species O. sativa is most closely related to two wild species distributed in Asia, Oryza nivara and Oryza rufipogon, supporting the previous hypothesis of an Asian origin of O. sativa (9, 18) . The African cultivated species, Oryza glaberrima, is most closely related to two African wild species, Oryza barthii and Oryza longistaminata, and also to Oryza glumaepatula, which occurs in Central and South America.
Conclusions
The present study demonstrates that phylogenetic analyses of sequences of low-copy nuclear genes together with chloroplast genes offer an effective approach to study genomic composition and relationships of rice species. Particularly, comparison of the two Adh gene phylogenies has led to a robust reconstruction of origins of allotetraploid species, including those whose diploid parents may be extinct. Genome types of the maternal parents of the allotetraploid species were inferred based on the chloroplast matK gene phylogeny. Beyond the previous understanding of rice genomic composition, this phylogenetic study revealed that the EE genome is most closely related to the DD genome progenitor that gave rise to the CCDD genome. Based on the phylogenetic reconstruction, we were able to recognize the additional genome type HHKK for O. schlechteri and P. coarctata, which suggests that P. coarctata should be treated as an Oryza species. A relatively robust phylogeny of diploid and tetraploid rice genomes was inferred by synthesizing two nuclear and one chloroplast gene phylogenies. The remaining ambiguous relationships among genome types resulting from topological incongruence between the Adh gene trees need to be further clarified with additional gene phylogenies.
